Neutrophils kill invading pathogens by AMPs, including cathelicidins, ROS, and NETs. The human pathogen Staphylococcus aureus exhibits enhanced resistance to neutrophil AMPs, including the murine cathelicidin CRAMP, in part, as a result of alanylation of teichoic acids by the dlt operon. In this study, we took advantage of the hypersusceptible phenotype of S. aureus ⌬dltA against cationic AMPs to study the impact of the murine cathelicidin CRAMP on staphylococcal killing and to identify its key site of action in murine neutrophils. We demonstrate that CRAMP remained intracellular during PMN exudation from blood and was secreted upon PMA stimulation. We show first evidence that CRAMP was recruited to phagolysosomes in infected neutrophils and exhibited intracellular activity against S. aureus. Later in infection, neutrophils produced NETs, and immunofluorescence revealed association of CRAMP with S. aureus in NETs, which similarly killed S. aureus wt and ⌬dltA, indicating that CRAMP activity was reduced when associated with NETs. Indeed, the presence of DNA reduced the antimicrobial activity of CRAMP, and CRAMP localization in response to S. aureus was independent of the NADPH oxidase, whereas killing was partially dependent on a functional NADPH oxidase. Our study indicates that neutrophils use CRAMP in a timed and locally coordinated manner in defense against S. aureus. J. Leukoc. Biol. 86: 000-000; 2009.
Introduction
The antimicrobial potential of PMN depends on a combination of nonoxidative and oxidative mechanisms involving AMPs, ROS, and NETs. Mammalian AMPs include ␣-defensins, ␤-defensins, and cathelicidins that interact with bacteria directly or in concert with other components of the immune system. Human and murine PMN each constitutively express a single cathelicidin: hCAP-18/LL-37 and CRAMP, respectively; both are stored as inactive pro-forms in secondary granules of neutrophils. Proteolytic cleavage of the inactive pro-forms is mediated by proteinase-3 in humans [1] and an unknown protease in mice upon PMN activation and degranulation. Intracellular cleavage and release of the mature peptides into the phagosome seem to be necessary for intracellular killing by PMN but have not yet been described.
Most studies about cathelicidin function have been performed in epithelial cells showing that cathelicidins are strongly induced and secreted after injury or in response to Gram-positive and Gram-negative bacteria in vitro and in vivo [2] [3] [4] [5] [6] [7] [8] . Lately, the generation of CRAMP-deficient mice made it possible to identify the role of cathelicidins in innate immune defense against invading pathogens [9] . Experimental infection studies in CRAMP-deficient mice have demonstrated a critical role of CRAMP in defense against Streptococcus pyogenes skin infections [10] , Escherichia coli urinary tract infections [11] , and Neisseria meningitidis bacteremia [3] .
Nonoxidative killing by AMPs and oxidative killing by NADPH oxidase-dependent ROS production have long been considered independent of each other. The importance of oxidative killing is evidenced in persons with CGD, who bear inactivating mutations in genes of subunits of the NADPH oxidase and suffer from repeated, life-threatening bacterial and fungal infections [12, 13] . Abnormal pH regulation and ion
MATERIALS AND METHODS

Bacterial strains
S. aureus wt (ATCC 35556, SA113 wt) and its isogenic mutants, ⌬dltA, ⌬spa, and ⌬spa/⌬dltA, were grown overnight in tryptic soy broth (Difco, Detroit, MI, USA) at 37°C. For stimulation experiments, a subculture was inoculated 1:100 (v/v) from overnight culture in fresh tryptic soy broth and grown to mid-log phase. Bacteria were washed twice with 0.9% NaCl prior to use.
FITC-labeling of staphylococci
S. aureus subculture was grown to mid-log phase in fresh tryptic soy broth. Bacteria were washed twice with 0.9% NaCl and labeled in 0.1 mg/ml FITC (Sigma Chemical Co., St. Louis, MO, USA) in PBS for 1 h at 37°C with shaking. Prior to use, bacteria were washed twice with 0.9% NaCl and resuspended in DPBS with 100 mg/l MgCl 2 and 100 mg/l CaCl 2 (DPBS ϩϩ ) (Invitrogen, Carlsbad, CA, USA).
Mice and tissue cage model C57BL/6, CRAMP Ϫ/Ϫ , and gp91 phoxϪ/Ϫ mice were kept under specific pathogen-free conditions in the Animal House of the Department of Biomedicine, University Hospital Basel (Switzerland) and University of California, San Diego (CA, USA), according to the regulations of the Swiss veterinary law and the Veterans Administration of San Diego Committee on Animal Use, respectively. Mice were killed by CO 2 or i.p. injection of 500 mg/kg Thiopenthal (Abbott Laboratories, Abbott Park, IL, USA).
Female mice (12-14 weeks old) were anesthetized, and sterile Teflon tissue cages were implanted s.c., as described previously [31] . Two weeks after surgery, the sterility of tissue cages was verified. To harvest TCF for isolation of PMN, mice were anesthetized by isofluorane (Minrad Inc., Bethlehem, PA, USA), and TCF was percutaneously collected with EDTA.
Antibody generation
Two New Zealand White rabbits were immunized by repetitive s.c. injections of 150 g synthetic CRAMP peptide (GL Biochem Shangai, China) in adjuvant (MPLϩTDMϩCWS adjuvant system, Sigma Chemical Co.) at monthly intervals. The titer of the antiserum was estimated by immunoblotting. The IgG fraction from the polyclonal antiserum was isolated on a protein-G sepharose (Amersham Biotech, Piscataway, NJ, USA) column and affinity-purified further via affinity chromatography over a sepharose column (GE Healthcare, Piscataway, NJ, USA) conjugated with a synthetic CRAMP peptide used as an immunogen. Bound antibody was eluted with 0.1 M glycin (0.002% sodium azide, pH 2.5) and dialyzed against PBS. A portion of the affinity-purified antibody was biotinylated as described previously [32] , dialyzed against PBS, and stored at -20°C. To demonstrate specificity, affinity-purified antibody was used to detect native 18 kDa CRAMP from murine bPMN lysates. Affinity-purified anti-CRAMP antibody was specific for one band of ϳ18 kDa, corresponding to the predicted size of pro-CRAMP (see Fig. 2A ).
PMN isolation
For peripheral bPMN, mouse blood was harvested by intracardiac puncture in EDTA. bPMN were isolated as described previously for human PMN [33] but using a modified density gradient centrifugation on a discontinuous Percoll gradient with 59% and 67% Percoll (Amersham Biotech) in PBS. bPMN were collected at the interface of the two Percoll layers.
For pPMN, 1 ml 3% thioglycollate (BD Biosciences, San Jose, CA, USA) were injected i.p. After 6 h, pPMN were collected by peritoneal lavage with 5 ml RPMI-1640 complete medium (5% FBS, 2 mM glutamate, 1 mM sodium pyruvate, 1.5 mM HEPES, nonessential amino acids) and pelleted by centrifugation.
For TCF-PMN, TCF was collected in EDTA and pelleted by centrifugation. Where mentioned, bPMN, pPMN, and TCF-PMN were purified over a Percoll gradient as described above to a purity of Ͼ97% (NIMP-R14 staining), and viability of PMN was 99% as assessed by trypan blue staining.
immunofluorescence. Supernatants were collected, and released CRAMP was measured by ELISA.
Immunofluorescence
After stimulation, cells were spun onto glass coverslips and fixed with 4% PFA in PBS for 30 min at room temperature. After permeabilization with 0.2% saponin for 30 min at room temperature and 5 min in methanol, cells were blocked with 2% NGS or normal donkey serum for 30 min at room temperature. Cells were stained with affinity-purified rabbit anti-CRAMP (1 g/ml), biotinylated rabbit anti-CRAMP (5 g/ml), goat anticathepsin D (10 g/ml, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and rabbit anti-LAMP-1 (10 g/ml, Abcam, Cambridge, MA, USA) antibodies, followed by donkey anti-rabbit/goat IgG-Cy3 antibody (7.5 g/ml, Jackson ImmunoResearch, West Grove, PA, USA) or Streptavidin-Alexa647 (10 g/ml, Molecular Probes, Eugene, OR, USA). Isotype-matched antibody served as negative controls. To confirm specificity of antibody binding, parallel slides were treated identically with affinity-purified rabbit anti-CRAMP antibody that had been preincubated for 1 h at room temperature with 20 g/ml synthetic CRAMP peptide, which abolished staining (see Fig. 2B ). Specimens were analyzed with a Zeiss Axiovert 100 M microscope (Carl Zeiss AG, Germany) using the confocal system LSM 510 META with LSM 510 v3.2 SP2 software (Carl Zeiss AG).
Flow cytometry
Cells were blocked with 2% NGS, fixed with 4% PFA, and permeabilized for intracellular staining with 0.1% saponin. Rat anti-mouse CD16/CD32 (PharMingen, San Diego, CA, USA) has been used to block FcR binding of IgG. After Fc-blocking, cells were stained sequentially with biotinylated rabbit anti-CRAMP antibody (1 g/ml) and Streptavidin-RPE (0.25 g/ml), RPE-conjugated rat anti-CD11b or the neutrophil marker rat anti-mouse NIMP-R14 (10 g/ml, own hybridoma), and FITC-conjugated goat anti-rat antibody (7.5 g/ml, Jackson ImmunoResearch). Biotinylated rabbit IgG and rat IgG2a (PharMingen) were used as isotype controls.
PMN killing assay
TCF-PMN were resuspended in DPBS ϩϩ (with 10% pooled mouse plasma), and 2 ϫ 10 5 PMN were incubated with SA113 wt or ⌬dltA at a MOI of 1 and incubated at 37°C, 200 rpm. After 2 h, samples were diluted in H 2 O (pH 11) to lyse PMN, and serial dilutions were plated on MHA to enumerate surviving intra-and extracellular bacteria. As bacteria proliferate during time of incubation, CFU of viable bacteria after 2 h are expressed as percentage of the initial inoculum.
Intracellular killing assay
pPMN were resuspended at 1 ϫ 10 6 PMN in RPMI 1640 (10 mM HEPES, 2% pooled mouse plasma), seeded into 24-well plates, and allowed to adhere for 1 h. PMN were infected with SA113 wt and ⌬dltA at a MOI of 1, centrifuged at 800 g for 5 min to synchronize phagocytosis, and incubated further at 37°C and 5% CO 2 for 10 min. Lysostaphin (50 U) was added for 10 min to kill extracellular bacteria. Immediately (0 min) and 30 min after lysostaphin treatment, PMN were lysed with H 2 O (pH 11), and serial dilutions were plated on MHA to assess surviving intracellular bacteria. Intracellular killing was calculated as the percentage of intracellular bacteria at 30 min versus 0 min.
NET-dependent killing assay
pPMN were resuspended at 2 ϫ 10 6 PMN in RPMI 1640 (10 mM HEPES, 2% pooled mouse plasma), seeded into 24-well plates, and activated with 50 nM PMA for 4 h. The medium was replaced carefully with medium containing cytochalasin D (10 M), with or without 50 U DNase1 to degrade NETs. Samples were infected with SA113 wt and ⌬dltA at a MOI of 0.01, centrifuged at 800 g for 10 min, and incubated at 37°C and 5% CO 2 for 30 min. Wells were scraped thoroughly, and serial dilutions were plated on MHA to assess surviving bacteria. NET-dependent killing was calculated as percentage of bacteria incubated without neutrophils.
Immunofluorescence of NETs
bPMN or pPMN (2ϫ10 5 ) were seeded in poly-L-lysine-covered 16-well glass chamber slides, allowed to settle, and treated with PMA (50 nM), SA113 ⌬spa, and SA113 ⌬spa/⌬dltA at a MOI of 10 or left unstimulated for 4 h. Cells were fixed with 4% PFA, blocked with 2% NGS, and stained with affinity-purified rabbit anti-CRAMP (1 g/ml) and donkey anti-rabbit IgGCy3 (7.5 g/ml) antibody. Controls were done with isotype-matched antibody. For labeling of DNA, SYTOX Green (1 M, Molecular Probes) or DAPI (1 g/mL, Sigma Chemical Co.) was used. Specimens were analyzed as described above in immunofluorescence.
Bacterial killing assay 2ϫ10
5 CFU of SA113 wt and ⌬dltA were incubated in the presence of or absence of 10 M synthetic CRAMP for 2 h at 37°C. To test the effect of DNA on the antimicrobial activity of CRAMP, 10 g/ml eukaryotic DNA (from salmon sperm, Sigma Chemical Co.) was added. At indicated timepoints, aliquots were taken, and serial dilutions were plated on MHA to assess surviving bacteria.
ELISA
An ELISA for CRAMP was developed using 96-well flat-bottom immunoplates (Nunc, Rochester, NY, USA). Plates were coated overnight with 1 g/ml affinity-purified rabbit anti-CRAMP antibody in 1 M carbonate buffer (pH 9.6) at 4°C. After blocking with 1% casein in PBS, samples and standards were added and incubated for 2 h. Biotinylated anti-CRAMP antibody (400 ng/ml) was added for 1 h and incubated further with Streptavidin-HRP (Zymed, San Francisco, CA, USA). After incubation for 30 min with tetramethylbenzidine substrate (BD Bioscience, San Jose, CA, USA), reaction was stopped with 1 M H 2 SO 4 , and absorbance was measured at 450 nm. Between each step, plates were washed four times with PBS (0.05% Tween-20). All incubations were carried out at room temperature.
Immunoblot analysis
pPMN (1ϫ10 6 ) were stimulated for 15 min with PMA, SA113 wt, or left unstimulated. Cells were then lysed in 0.9% NaCl containing 1% Triton X-100, 1 mM PMSF, and a protease inhibitor cocktail (Roche, Nutley, NJ, USA). Cell lysates were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA), which were blotted with affinity-purified rabbit anti-CRAMP antibody (1 g/ml), followed by HRP-conjugated donkey anti-rabbit IgG (0.16 g/ml), and were visualized with ECL (Thermo Scientific, Waltham, MA, USA) on films (Kodak).
Statistical analysis
PMN and NET-dependent killing assays were analyzed with one-way ANOVA. Flow cytometry data were analyzed with Wilcoxon signed rank test; intracellular killing assays were analyzed with paired Student's t-test. Statistical analysis was done with Prism 5.0a (GraphPad Software, Inc., San Diego, CA, USA). A P value of Ͻ0.05 was considered statistically significant.
RESULTS
PMN-derived CRAMP is active against S. aureus
D-alanylation of teichoic acids by the dlt operon renders S. aureus resistant to cationic AMPs [27] . A staphylococcal ⌬dltA mutant described previously was found hypersusceptible to cationic AMPs such as ␣-defensins and cathelicidins, whereas being normally resistant to oxygen-dependent neutrophil killing [27, 28, 30] . Here, we sought to exploit the differential sensitivity of S. aureus SA113 wt and its isogenic ⌬dltA mutant to better understand the regulation, cellular localization, and function of neutrophil-derived CRAMP. We used exudate PMN from tissue cages (TCF-PMN) to investigate CRAMP activity on S. aureus by a PMN population similar to that encountered in vivo. TCF-PMN from C57BL/6 mice exhibited significantly increased bactericidal activity against SA113 ⌬dltA compared with wt in vitro ( Fig. 1) , confirming the ⌬dltA phenotype found in the presence of human PMN [30] . In contrast, TCF-PMN from CRAMP Ϫ/Ϫ mice showed similar bactericidal activity against SA113 wt and ⌬dltA. In addition, the bactericidal activity of CRAMP Ϫ/Ϫ TCF-PMN against SA113 wt was significantly lower than of C57BL/6 PMN ( Fig. 1) . The susceptibility of SA113 ⌬dltA to CRAMP Ϫ/Ϫ TCF-PMN was abolished, demonstrating that neutrophil-dependent killing of SA113 ⌬dltA is mediated predominantly by CRAMP. This finding allows the ⌬dltA mutant to serve as a powerful tool to study CRAMP function and activity. Furthermore, the decreased bactericidal activity of CRAMP Ϫ/Ϫ PMN implies that the expression of CRAMP in PMN is indeed important for the defense against S. aureus in vivo, despite the apparent resistance of the bacterium to the isolated AMP in vitro.
Degranulation of CRAMP does not occur during PMN migration
First, the specificity of affinity-purified rabbit anti-CRAMP antibody was tested by immunoblot analysis of bPMN lysates. The antibody recognized a single band at ϳ18 kDa, corresponding to the predicted size of the CRAMP pro-form ( Fig. 2A) . The anti-CRAMP antibody was also specific for CRAMP in immunofluorescence, as preincubation of the anti-CRAMP antibody with excess synthetic CRAMP abolished staining on pPMN (Fig. 2B) . Next, we studied the location and the site of action of CRAMP by investigating intracellular CRAMP expression by flow cytometry in C57BL/6 PMN. To exclude that exudation from the bloodstream itself affects CRAMP expression, PMN purified from TCF and peritoneal exudates were compared with peripheral bPMN. CRAMP was expressed intracellularly in PMN from all sites (Fig. 2C , i-iii, upper row). MFI was similar in all purified PMN, and total CRAMP content from pPMN was comparable with bPMN ( Fig. 2D) , indicating no detectable loss of CRAMP during exudation from blood. Purified PMN were Ͼ97% positive for the granulocyte marker NIMP-R14 antibody, as shown for TCF-PMN in Fig. 2C , iv (upper row). Using fluorescence microscopy, we showed that CRAMP is distributed in a granular pattern in PMN from blood, peritoneal cavity, and TCF (Fig. 2C, i-iii, lower row) . These results indicate that CRAMP-containing granules are not released during recruitment of PMN, such that full antimicrobial activity can be exerted at the site of infection.
PMN release CRAMP after PKC activation
Degranulation of secondary granules in human PMN was shown to be dependent on PKC [34] . The signaling pathways promoting release of CRAMP after stimulation of murine PMN are unknown. We first investigated the intrinsic ability of C57BL/6 pPMN to secrete CRAMP in response to the PKC activator PMA (10
Ϫ6
-10 Ϫ8 M) by flow cytometry. Unpurified pPMN were used to avoid preactivation of PMN by Percoll purification. Therefore, two populations with bright and dim fluorescence are seen in the histograms, which were identified as PMN (62.29Ϯ9.18%) and monocytes (30.29Ϯ9.46%) by Wright's stain (data not shown). As shown in Figure 2C , ii, PMN correspond with the bright CRAMPexpressing population. The fluorescence histogram of PMA-stimulated versus nontreated cells shows a reduction in intracellular MFI. Intracellular CRAMP was decreased significantly after PMA stimulation at all tested concentrations, as illustrated in the bar graph for 10 Ϫ6 M PMA (Fig. 3A) . To identify the physiological conditions required for CRAMP secretion, we stimulated PMN further with agonists occurring during infection. We tested the host factor PAF (10 Ϫ7 g/ml; data not shown). Surprisingly, none of the tested stimuli induced a detectable change of intracellular CRAMP. Using fluorescence microscopy, we confirmed that PMN stimulated with 10 Ϫ6 M PMA had less intracellular CRAMP, and its distribution was more disperse than in nontreated cells (Fig.  3B) . Analysis of supernatants from stimulated PMN by ELISA and immunoblot (Fig. 3C, inset) confirmed that CRAMP was released after PMA stimulation (Fig. 3C) .
It was shown previously that during secondary granule release, lactoferrin and LL-37 transiently locate to the cell surface [35, 36] . Thus, we examined surface translocation of CRAMP as readout for secretion in response to stimulation. Nontreated cells had no detectable CRAMP on their surface, whereas cells stimulated with all concentrations of PMA (10 Ϫ6 M shown) and 10 Ϫ5 M PAF showed surface localization of CRAMP with significantly increased MFI compared with nontreated cells (Fig. 3D) . All other stimuli did not induce surface translocation of CRAMP at any concentration tested (Fig. 3D) .
As a control for degranulation of secretory vesicles and gelatinase granules, we investigated surface localization of CD11b on stimulated PMN. Surface CD11b was increased on PMN after all stimuli compared with nontreated cells at all tested concentrations (Fig. 3E, representative concentrations) . Taken together, these results indicate that secretory vesicles and gelatinase granules are more readily exocytosed than secondary granules under the tested conditions.
Our results give evidence that significant amounts of CRAMP can be released from granules into the extracellular space but most probably not under conditions encountered in bacterial infection.
CRAMP is recruited to the phagosome and kills S. aureus intracellularly
The inability of PMN to secrete CRAMP after exposure to bacterial components raised the question of whether viable S. aureus induce the release of CRAMP. In the following experiments, we used the spa deletion mutants SA113 ⌬spa and ⌬spa/⌬dltA instead of SA113 wt and ⌬dltA to avoid the confounding factor of unspecific IgG binding to Protein A. pPMN were infected with SA113 ⌬spa and ⌬spa/⌬dltA for 15 min, and intracellular CRAMP expression and surface localization were studied by flow cytometry. In pPMN, infected with SA113 ⌬spa and ⌬spa/⌬dltA, intracellular and surface localization of CRAMP remained unaltered compared with nontreated cells (Fig. 4, A and B) . Interestingly, confocal microscopy revealed that CRAMP localized with internalized S. aureus strains after infection (Fig. 4, C and D, arrows) . We hypothesized that this localization of CRAMP is the result of granule fusion with S. aureus-containing phagosomes. Indeed, the phagosomal marker LAMP-1 colocalized with CRAMP at the site of S. aureus-containing phagosomes (Fig.  4C, upper, and D, arrows) . Granule fusion to the phagosome was also confirmed by colocalization of CRAMP with cathepsin D (Fig. 4C, lower) . No differences in localization of CRAMP toward the resistant SA113 ⌬spa and the CRAMPsusceptible ⌬spa/⌬dltA mutant were observed. Secretion of CRAMP into the extracellular space after 30 min of infection with both strains was not detectable by ELISA (data not shown). Although PMN are able to secrete CRAMP after soluble stimuli, these data point toward a preferential, intracellular retention of CRAMP in infection to kill S. aureus in phagolysosomes.
Consequently, we performed an intracellular killing assay using S. aureus-infected pPMN to evaluate whether CRAMP is not only recruited but also active in phagolysosomes. SA113 wt and ⌬dltA were killed intracellularly to 41.2% and 70.77%, respectively (Fig. 4E) . SA113 ⌬dltA was significantly more susceptible to such intracellular killing. From this finding, we conclude that the active form of CRAMP is present in phagolysosomes.
To show whether CRAMP is processed from the pro-form to the active form in the phagosomes, pPMN were stimulated with SA113 wt and analyzed by SDS-PAGE and Western blot.
In untreated and infected cells, the pro-form of CRAMP appeared as two bands at 18 kDa. The active 5-kDa form of CRAMP was increased after infection with SA113 wt (Fig. 4F) , indicating intracellular processing of CRAMP during infection. Unexpectedly, a faint band of active CRAMP was found in uninfected cells.
CRAMP is present in NETs, but DNA binding reduces CRAMP activity
Besides their phagocytic activity, human neutrophils were recently found to entrap and kill S. aureus extracellularly by forming NETs when phagocytic killing is exhausted [23] . Proteases and AMPs are associated with NETs, comprising an extracellular site of bactericidal action of granule contents [37] . Therefore, we first investigated NETs induction in murine PMN following stimulation with the potent activator PMA and with viable S. aureus SA113 ⌬spa as a biologically relevant stimulus. Following both stimuli, NET formation was induced within 4 h in bPMN (Fig. 5, A and B) and pPMN (not shown); unstimulated cells did not release DNA (Fig. 5A, v ). Under the conditions tested, PMA induced more NETs than S. aureus, and interestingly, not all PMN formed NETs. In PMA-induced NETs, CRAMP was associated with extracellular DNA (Fig. 5A,  iv) . In NETs induced by S. aureus, CRAMP colocalized with entrapped bacteria (Fig. 5B, i-iv, arrows) , but most of the S. aureus-infected PMN died after phagocytosis (own observation). Nevertheless, these results raised the possibility that asso- ciation within NETs represents an extracellular site of action for CRAMP. To investigate the antibacterial activity of NETs, PMA-activated pPMN were incubated with SA113 wt and ⌬dltA in the presence of cytochalasin D to inhibit phagocytic uptake. SA113 wt and ⌬dltA were killed with similar efficiency in the presence of NETs (Fig. 5C) . Interestingly, when NETs were degraded with DNase, the killing of SA113 wt was abolished completely, and ⌬dltA remained partially susceptible (Fig. 5C ). DNase itself did not affect the viability of SA113 wt and ⌬dltA (data not shown). From the similar susceptibility of SA113 ⌬dltA and wt to NET-dependent killing, we concluded that CRAMP, although present, is not the only important effector in the antimicrobial activity of NETs against S. aureus. Tight association of the cationic AMP with anionic DNA may reduce access of the peptide to the microbial cell surface. To test this hypothesis, we assessed the bactericidal activity of 10 M synthetic CRAMP on SA113 ⌬dltA in the presence and absence of eukaryotic DNA. Indeed, the bactericidal activity of CRAMP against SA113 ⌬dltA was abolished in the presence of DNA (Fig. 5D) ; the presence of DNA alone had no effect on the growth of SA113
⌬dltA. This data demonstrate that NET-associated CRAMP has reduced antimicrobial activity against S. aureus.
NADPH oxidase is a weak contributor to CRAMP expression and response
Following NADPH oxidase activation, the resulting changes of intraphagosomal pH and ionic milieu were proposed to be essential for liberating granule enzymes into the phagosome [16, 21, 22] . These granule enzymes are likely necessary for cleavage of CRAMP into its active form, raising the question of whether NADPH oxidase-dependent liberation of granule enzymes might affect the processing and activity of CRAMP. We hence investigated function and phagosome translocation of CRAMP in gp91 phoxϪ/Ϫ mice lacking a functional NADPH oxidase. We assessed the bactericidal activity of gp91 phoxϪ/Ϫ TCF-PMN toward SA113 wt and ⌬dltA in vitro. gp91 phoxϪ/Ϫ TCF-PMN were highly impaired in the killing of both strains compared with C57BL/6 TCF-PMN (Fig. 6A, compared with Fig. 1 ). The persistent, increased susceptibility of SA113 ⌬dltA in gp91 phoxϪ/Ϫ TCF-PMN suggests that they still possess active CRAMP. To exclude a defect in granule release, we stimulated gp91 phoxϪ/Ϫ pPMN with PMA for 15 min and studied intracellular CRAMP expression and surface localization by flow cytometry. Intracellular CRAMP was decreased significantly after PMA stimulation, as shown in the fluorescence histogram and bar graph in Figure 6B (left panels). PMA-stimulated cells showed more surface localization of CRAMP than nontreated cells with significantly increased MFI (Fig. 6B, right panels) . Thus, we found no defect of degranulation in gp91 phoxϪ/Ϫ pPMN. However, the MFI of intracellular CRAMP (Figs. 6B vs. 4A) and total intracellular CRAMP (Fig. 6C ) of nontreated gp91 phoxϪ/Ϫ pPMN was lower than in pPMN of C57BL/6 mice, indicating a reduced basal intracellular CRAMP level. Further, we infected gp91 phoxϪ/Ϫ PMN with SA113 ⌬spa and ⌬spa/⌬dltA strains and observed that CRAMP was still recruited to internalized bacteria, but LAMP-1 was only partially colocalizing (Fig. 6, D and E, arrows) . Intracellular killing assays revealed that gp91 phoxϪ/Ϫ PMN are impaired significantly in intracellular clearance of SA113 wt (Pϭ0.0109) and ⌬dltA (Pϭ0.0392) compared with C57BL/6 PMN. SA113 ⌬dltA remained more susceptible than wt (Fig. 6F) , suggesting the existence of active CRAMP in these PMN. We could not detect active CRAMP in lysates of infected PMN by immunoblot analysis (data not shown). An explanation for this might be the overall reduced presence of the CRAMP pro-form, which leads to undetectable, low amounts of the active form after infection.
Besides the establishment of an antibacterial milieu in the phagosome, NADPH oxidase activity was also described to be required for the formation of NETs [24] . Indeed, PMN from gp91 phoxϪ/Ϫ mice were unable to induce NETs (data not shown). Taken together, our data showed that the NADPH oxidase is only a weak contributor to the antimicrobial function of CRAMP.
DISCUSSION
Since the original discovery of CRAMP in murine PMN [9] , most studies have been performed on CRAMP expression and function in keratinocytes and other epithelial cells. As a result of a lack of ␣-defensins, CRAMP is among the major cationic AMPs in murine PMN [38] . In this study, we provide evidence that PMN-derived CRAMP confers antimicrobial activity against the pre-eminent human pathogen S. aureus. Furthermore, we identified two different sites of action of CRAMP: intracellularly in the phagolysosome and extracellularly associated in NETs, accentuated by DNA degradation.
Our data show that PMN-derived CRAMP is active against S. aureus, despite its high resistance against AMPs in vitro. This result is consistent with a previous study showing that bPMN from C57BL/6, but not from CRAMP Ϫ/Ϫ mice, blocked the proliferation of Group A Streptococcus, another major Grampositive pathogen with several well-defined, cathelicidin-resistance mechanisms [10, 39] . To study CRAMP function, we made use of the S. aureus mutant ⌬dltA, which was shown previously to have a hypersusceptible phenotype to cationic AMPs in vitro and in a local murine infection model [31] . Here, we demonstrated that the susceptibility of SA113 ⌬dltA to murine PMN was mediated selectively by CRAMP using CRAMP Ϫ/Ϫ PMN. This finding is strengthened by a previous study using human PMN, which showed that killing of SA113 ⌬dltA is mediated predominantly by ␣-defensins, the major cationic AMPs in human PMN, and does not depend on oxygen-dependent killing mechanisms [30] . The susceptibility of SA113 ⌬dltA to other PMN-derived AMPs (e.g., lactoferrin, lysozyme) was found to be less pronounced than for CRAMP [40, 41] , and major contributions to that resistance are provided by other staphylococcal virulence determinants; i.e., resistance to lysozyme is associated with acetylation of peptidoglycan [26] , and resistance against lactoferrin [42] and lipocalin [43] is governed by multiple iron uptake systems in S. aureus, which might not be affected in the ⌬dltA phenotype. Although we cannot exclude that in addition to increased susceptibility to AMPs, pleiotropic effects of dltA deletion contribute to the observed phenotype. On the other hand, an additional defect in killing mechanisms of CRAMP Ϫ/Ϫ mice is rather unlikely, as CRAMP Ϫ/Ϫ mice have normal phagocytic and oxidative burst activity and show similar protease activity as wild-type mice [8, 10] .
Most studies about PMN activation and degranulation have been performed using PMN isolated from peripheral blood. As PMN exert their antimicrobial function, mainly after exudation from blood, the question arose as to whether CRAMP is retained during migration. The comparison of PMN migrated to tissue cages and the peritoneal cavity with bPMN showed that CRAMP is not released extensively during exudation. This is in agreement with a study of granule mobilization during in vivo exudation of human PMN [44] . The authors showed that blood and exudate PMN have similar total content of lactoferrin and MPO in secondary and primary granules, respectively [44] . Nevertheless, our result for TCF-PMN contrasts with a previous study showing that TCF-PMN from guinea pigs have reduced MPO and lysozyme content compared with peritoneal exudate PMN [45] . The retention of secondary and also primary granules, which harbor the most potent AMPs, including CRAMP, during extravasation, may be crucial for efficient microbial killing at the site of infection.
As little is known about extra-or intracellular activity of CRAMP, we focused on the identification of its site of action. Although we found degranulation of CRAMP after strong activation of PMN with PMA and PAF, soluble MAMPs and more importantly, live S. aureus did not induce secretion of CRAMP to the extracellular space. Surface expression of CD11b, however, was increased with all stimuli even at the lowest concentrations tested. Our findings indicate that degranulation of secondary granules for extracellular antimicrobial activity does not occur in infection, and up-regulation of surface receptors from gelatinase granules and secretory vesicles might improve the uptake of invading pathogens. The human cathelicidin hCAP-18 was shown to accumulate at the PMN surface following stimulation by fMLP [36] . In contrast, fMLP did not lead to surface translocation of CRAMP in pPMN, which might be explained by different reactivities of human blood and murine pPMN. Nevertheless, surface-translocated CRAMP might contribute to the killing of bacteria during their phagocytosis. The signaling pathways that link ligation of surface receptors or activation of PKC to degranulation of secondary granules include phospholipids, the MAPK p38, Ca 2ϩ , and the Src kinase Fgr, Rab GTPases, and SNARE molecules [34] . Their respective roles for CRAMP mobilization are the subject of further investigation. CRAMP was recruited to S. aureus-containing phagosomes, where it exerted intracellular antimicrobial activity on S. aureus, consistent with the work of Sorenson et al. [1] , showing that hCAP-18 is recruited to phagosomes after internalization of latex beads by human PMN. Cathelicidins are inactive without further processing after PMN activation. By the increased intracellular killing of the hypersusceptible SA113 ⌬dltA mutant and immunoblots of infected PMN, we demonstrated the intracellular presence and activity of CRAMP. Cleavage of CRAMP is possibly mediated by cathepsins and neutrophil elastase, which are recruited to the phagosome as shown for cathepsin D. Interestingly, intracellular CRAMP was mainly present as a pro-form. Similar results were found for hCAP-18, which was mainly present as the pro-form in phagosomes of human PMN [1] . The presence of active CRAMP in uninfected PMN might be an artifact of thioglycollate-induced attraction of PMN. Staphylococcal infection increased the expression of active CRAMP, but still only low amounts were detectable. This finding was contradictory to our high intracellular killing of SA113 ⌬dltA. An explanation for the low detectable amounts might be the interaction of active CRAMP with negatively charged macromolecules (e.g., DNA), as shown for LL-37 [46, 47] or the bacterial membrane. In summary, our data showed that the main function of CRAMP seems to be intracellular.
We demonstrated that murine PMN are able to form NETs after activation by PMA and viable S. aureus in vitro in a manner similar to human PMN. Interestingly, not all PMN in culture made NETs, and this effect was more apparent when PMN were stimulated with S. aureus. This observation suggests that not all PMN form NETs at a given time after infection and that age or other mechanisms may regulate which PMN form NETs after phagocytosis. Although CRAMP colocalized with entrapped S. aureus in NETs, CRAMP activity could not fully explain NET-mediated killing of S. aureus, as SA113 wt and ⌬dltA were killed to a similar extent. Extracellular killing of S. aureus therefore requires contributions from additional antimicrobial components of NETs, including histones. This is consistent with the finding that human NETs pretreated with antibodies against histones show reduced killing of S. aureus and Shigella flexneri [23] . In contrast, D-alanylation of teichoic acids enhances resistance against NET-dependent killing in nonencapsulated but not encapsulated Streptococcus pneumoniae [48] . Unlike S. aureus and other pathogens, pneumococci are not killed by the antimicrobial components in NETs [49] . The bactericidal activity of CRAMP was impaired when associated with NETs, and release of soluble CRAMP after degradation of the DNA backbone of NETs restored bactericidal activity against SA113 ⌬dltA. Our study provides first evidence that NET-associated AMPs may be in a state of reduced activity; this idea is supported by the fact that the antimicrobial activity of LL-37 [47] and CRAMP was inactivated in the presence of DNA. We hypothesize that NETs may serve as a storage site of antimicrobial active peptides and enzymes to combat bacteria that are freed during NET breakdown or following DNase expression by certain pathogens.
The proposed dependence of granular protease liberation on the NADPH oxidase activity [16, 21, 22] let us hypothesize an impaired processing of CRAMP in gp91 phoxϪ/Ϫ mice. Although we found reduced killing of S. aureus wt and ⌬dltA by PMN from gp91 phoxϪ/Ϫ mice, the function of NADPH oxidase could not be linked to CRAMP activity, as SA113 ⌬dltA remained significantly more susceptible to killing by gp91 phoxϪ/Ϫ PMN than the wt. However, total intracellular CRAMP was reduced in the absence of a functional NADPH oxidase, as determined by ELISA. In CGD patients and gp91
phoxϪ/Ϫ mice with mutations in the gp91 phox or p22 phox genes, both membrane subunits of the NADPH oxidase are absent [50, 51] . As CRAMP and the membrane subunits of NADPH oxidase are localized in the same granule [52] , a lack of the NADPH oxidase membrane complex might alter membrane integrity and thereby lead to reduced granular content. Another explanation for the reduced intracellular CRAMP level might be augmented degranulation, as described previously for primary granules in CGD neutrophils, resulting in decreased levels of human ␣-defensins [53] .
The results of our study provide first evidence that PMN-derived CRAMP exhibits direct intracellular activity, ensuring rapid initial protection from invading pathogens. NETs harboring CRAMP during prolonged infection may serve for storing AMPs, which might be freed during DNase expression by certain pathogens.
